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• There are strong motivations for physics beyond the standard model
– Not clear at what energy scale new particles/phenomena will appear

• High energy and large integrated luminosity give sensitivity for 
searches in unexplored phase space

– High energy: Particularly important for searches for high mass resonances

– Large statistics: 2016 data crucial for these searches

• A multitude of searches target anomalous production of resonant/
non-resonant di-leptons, di-jets and di-bosons motivated by a wide 
range of theoretical models

– Distinct signature with low SM backgrounds
– Simple signatures allow for largely model-independent searches
– Due to the large Lorentz boost decay products may be merged into a single 

object (jet)

3
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• About 40 fb-1 has been delivered by the LHC in 2016, exceeding the 
integrated luminosity accumulated in all years before 2016 and 
expectations.

• The CMS detectors has been working spectacularly with virtually no 
degradation in performance over the 3 years of Run 1 and 2 years of 
Run 2.
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LHC Performance
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• New gauge bosons predicted by many extensions of the Standard 
Model with extended gauge symmetries
– Sequential Standard Model ZSSM with same coupling as in Standard Model
– Z’ψ , Z’χ , Z’η models from E6 and SO(10) GUT groups

– Left-Right symmetry model (LRM) and Alternative LRM (ALRM)

– The Kaluza-Klein model (KK) from Extra Dimensions

• No precise prediction for mass scale of gauge bosons
• Discrimination of different models requires measurement of

– cross section, mass, width, angular distributions

• Backgrounds
– relatively clean with good S/B
– mostly tails of SM processes

• Experimental challenges
– understanding detector resolution is key

– 1.3% − 2.4% for electrons and 7% for muons at 1 TeV
5

Extended Gauge Symmetries
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• New particles coupling to quarks and gluons 
could be observed as resonances in the di-jet 
mass spectrum 

• Search motivated by a wide range of hypothetical 
new particles

– sensitive to quantum black holes, excited quarks,  
W’/Z’, contact interactions

• Due to trigger thresholds, standard di-jet search 
at LHC explores higher masses (>1.5 TeV)

• Two ways to explore lower masses
– Di-jet + ISR → use ISR jet to get above  

the trigger thresholds; jet substructure

– Data-scouting (trigger-level)  
analysis based on low-threshold  
triggers writing only very limited  
information about the event
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Di-jet Resonances CMS-PAS-EXO-16-056
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• Using “Calo Scouting,”  
low mass spectrum✴ is fit 
with 5-parameter function 
above mjj > 489 GeV  
 

• χ2/dof = 1.0 

• No evidence for dijet 
resonance 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3 Dijet mass spectrum and fit
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Figure 1: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The lower panel
in each plot shows the difference between the data and the fitted parametrization, divided by
the statistical uncertainty of the data. Examples of predicted signals from narrow gluon-gluon,
quark-gluon, and quark-quark resonances are shown with cross sections equal to the observed
upper limits at 95% CL.

Figure 1 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width, with predefined bins of width corre-
sponding to the dijet mass resolution [16]. The dijet mass spectrum for the high-mass search is
fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s and P0, P1, P2, and P3 are four free parameters, and the chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [4, 6–17, 43] to describe the data. For the low-mass search
the functional form in Eq. (1) gave a poor fit to the data, c2/NDF = 27.9/21, so we used the
following parameterization which includes one additional parameter P4 to fit the dijet mass
spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln (x)2 (2)

Equation (2) gave a good fit to the low-mass data, c2/NDF = 20.3/20. A Fisher F-test with a
size a = 0.05 [44] was used to confirm that no additional parameters are needed to model these
distributions, i.e. in the low-mass search including an additional term P5 ln (x)3 in Eq.( 2) gave
a similar fit to the low-mass data, c2/NDF = 20.1/19, and was rejected by the Fisher F-test. In
Fig. 1 we show the result of binned maximum likelihood fits, performed independently for the
low-mass and high-mass searches. The dijet mass spectra are well modeled by the background
fits. The lower panels of Fig. 1 shows the pulls of the fit, which are the bin-by-bin differences
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3 Dijet mass spectrum and fit
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Figure 1: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The lower panel
in each plot shows the difference between the data and the fitted parametrization, divided by
the statistical uncertainty of the data. Examples of predicted signals from narrow gluon-gluon,
quark-gluon, and quark-quark resonances are shown with cross sections equal to the observed
upper limits at 95% CL.

Figure 1 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width, with predefined bins of width corre-
sponding to the dijet mass resolution [16]. The dijet mass spectrum for the high-mass search is
fit with the parameterization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s and P0, P1, P2, and P3 are four free parameters, and the chi-squared per
number of degrees of freedom of the fit is c2/NDF = 38.9/39. The functional form in Eq. (1)
was also used in previous searches [4, 6–17, 43] to describe the data. For the low-mass search
the functional form in Eq. (1) gave a poor fit to the data, c2/NDF = 27.9/21, so we used the
following parameterization which includes one additional parameter P4 to fit the dijet mass
spectrum:

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)+P4 ln (x)2 (2)

Equation (2) gave a good fit to the low-mass data, c2/NDF = 20.3/20. A Fisher F-test with a
size a = 0.05 [44] was used to confirm that no additional parameters are needed to model these
distributions, i.e. in the low-mass search including an additional term P5 ln (x)3 in Eq.( 2) gave
a similar fit to the low-mass data, c2/NDF = 20.1/19, and was rejected by the Fisher F-test. In
Fig. 1 we show the result of binned maximum likelihood fits, performed independently for the
low-mass and high-mass searches. The dijet mass spectra are well modeled by the background
fits. The lower panels of Fig. 1 shows the pulls of the fit, which are the bin-by-bin differences

✴ Note: only the first 27 fb-1 is used due to  
an inefficiency in the L1 jet HT trigger

EXO-16-056

• Trigger requires scalar sum of the transverse 
momenta of the jets HT > 900 GeV
– Trigger fully efficient at mjj > 1.25 TeV

• Fit smoothly falling di-jet background (full 
mass range) with:

• Search for bumps in di-jet mass spectrum
– compare binned mjj  data to the fitted background 

estimate

• Finals states with gluons have more FSR and 
wider resonances → Limit depends on final 
state
– Different signal shapes for qq, qg, gg final states
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Di-jet Resonances
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• Global significance is computed with  
pseudo experiments

• Upper limits on nine benchmark models
• No significant excess observed 
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Di-jet Resonances
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Table 1: Observed and expected mass limits at 95% CL from this analysis with 36 fb�1 at
p

s =
13 TeV compared to previously published limits on narrow resonances from CMS with 12.9 fb�1

and 2.4 fb�1 at
p

s = 13 TeV [3, 6] and with 20 fb�1 at
p

s = 8 TeV [8]. The listed models are
excluded between 0.6 TeV and the indicated mass limit by this analysis. In addition to the
observed mass limits listed below, this analysis also excludes the RS Graviton model within
the mass interval between 2.1 and 2.5 TeV and the Z0 model within roughly a 50 GeV window
around 3.1 TeV.

Observed (expected) mass limit [TeV]
Model Final 36 fb�1 12.9 fb�1 2.4 fb�1 20 fb�1

State 13 TeV 13 TeV 13 TeV 8 TeV
String qg 7.7 (7.7) 7.4 (7.4) 7.0 (6.9) 5.0 (4.9)
Scalar diquark qq 7.2 (7.4) 6.9 (6.8) 6.0 (6.1) 4.7 (4.4)
Axigluon/coloron qq 6.1 (6.0) 5.5 (5.6) 5.1 (5.1) 3.7 (3.9)
Excited quark qg 6.0 (5.8) 5.4 (5.4) 5.0 (4.8) 3.5 (3.7)
Color-octet scalar (k2

s = 1/2) gg 3.4 (3.6) 3.0 (3.3) — —
W0 qq 3.3 (3.6) 2.7 (3.1) 2.6 (2.3) 2.2 (2.2)
Z0 qq 2.7 (2.9) 2.1 (2.3) — 1.7 (1.8)
RS Graviton (k/MPL = 0.1) qq, gg 1.7 (2.1) 1.9 (1.8) — 1.6 (1.3)
DM Mediator (mDM = 1 GeV) qq 2.6 (2.5) 2.0 (2.0) — —

5 Limits on dark matter
We use our limits to constrain simplified models of DM, with leptophobic vector and axial-
vector mediators that couple only to quarks and DM particles [30, 31]. Figure 5 shows the
excluded values of mediator mass as a function of mDM for both types of mediators. For mDM
= 1 GeV, indistinguishable from zero, the observed excluded range of mediator mass (MMed) is
between 0.6 and 2.6 TeV, as also shown in Fig. 2 and listed in Table 1. In Fig. 5 the expected up-
per value of excluded MMed increases with mDM because the branching fraction to qq increases
with mDM. If mDM > MMed/2, the mediator cannot decay to DM particles, and the dijet cross
section from the mediator models becomes identical to that in the leptophobic Z0 model used
in Fig. 4 with a coupling g

0
q = gq = 0.25. Therefore for these values of mDM the limits on the

mediator mass in Fig. 5 are identical to the limits on the Z0 mass at g
0
q = 0.25 in Fig. 4. Similarly,

if mDM = 0, the limits on the mediator mass in Fig. 5 are identical to the limits on the Z0 mass
at g

0
q = gq/

q
1 + 16/(3Nf ) ⇡ 0.182 in Fig. 4, where Nf is the effective number of quark flavors

contributing to the width of the resonance, Nf = 5+
q

1 � 4m
2
t
/M

2
Med. In Fig. 5 our exclusions

are compared to constraints from the cosmological relic density of DM.

6 Summary
Two searches for narrow resonances decaying into a pair of jets have been performed using
proton-proton collisions at

p
s = 13 TeV corresponding to an integrated luminosity of up to

36 fb�1: a low-mass search based on calorimeter jets, reconstructed by the high level trigger
and recorded in compact form (data scouting), and a high-mass search based on particle-flow
jets. The dijet mass spectra are observed to be smoothly falling distributions. In the analyzed
data samples, there is no evidence for resonant particle production. Generic upper limits are
presented on the product of the cross section, the branching fraction, and the acceptance for nar-
row quark-quark, quark-gluon, and gluon-gluon resonances that are applicable to any model
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• Exploring low mass with di-jets
• Boosted regime: New particles not produced at rest
• Data-driven background estimation using control regions
• Merged di-jet + ISR jet
• Mild excess ~115 GeV

 (GeV)PUPPI
SDm

100 150 200 250 300

N
um

be
r o

f e
ve

nt
s/

5 
G

eV

0

50

100

150

200

250

300

350

400 Data
Multijet pred.
Total SM pred.

 qq+jets→W
 qq+jets→Z

=135 GeV
Z'

=1/6, m
q

Z'(qq), g

 (13 TeV)-135.9 fbCMS Preliminary

: 900-1000 GeV
T

p

 (GeV)PUPPI
SDAK8 m

100 150 200 250 300

D
at

a/
Pr

ed
ic

tio
n

0.8

1

1.2

Z' mass (GeV)
50 100 150 200 250 300

Lo
ca

l p
-v

al
ue

5−10

4−10

3−10

2−10

1−10

1
CMS Preliminary  (13 TeV)-135.9 fb

Observed

9

Di-jet + ISR CMS-PAS-EXO-17-001

600 < pT < 700 GeV 900 < pT < 1000 GeV

Local: 2.9 σ
Global: 2.2 σ
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• Use variable

10

Di-jet Angular Analysis
8 6 Summary
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Figure 2: Normalized cdijet distributions for 2.6 fb�1 of integrated luminosity in the highest
three mass bins. The corrected distributions in data are compared to NLO predictions with
non-perturbative corrections (black dotted line). The vertical bar on each data point represents
statistical and systematic experimental uncertainties combined in quadrature. The horizontal
bar indicates the bin width. Theoretical uncertainties are indicated by the gray band. Also
shown are the predictions for various QBH, CI, and ADD models.

• ADD: MPI > 7.9 − 11.2 TeV
• Compositeness: Λ > 11.5 − 14 TeV
• MQBH > 5.3 − 7.8 TeV

CMS arXiv:1703.09986

https://cds.cern.ch/record/2273455
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FIG. 1. Leading experimental limits in the coupling gB versus mass MZ′

B
plane for Z ′

B resonances. Values of gB

above each line are excluded at the 95% C.L.

note that an update of the “scouted data” anal-

ysis [23] with more luminosity by CMS (and AT-

LAS) would also push sensitivity to lower cou-

plings in the several hundred GeV mass range.

The plot is not extended above gB = 2.5,

because the U(1)B coupling constant is already

large, αB = g2B/(4π) ≈ 0.5, so that it is diffi-

cult to avoid a Landau pole. For that large cou-

pling, the current mass reach is around 2.8 TeV.

The 14 TeV LHC will extend significantly the

mass reach, and can probe smaller couplings once

enough data is analyzed. Note that couplings of

gB ≈ 0.1 can be viewed as typical (the analogous

coupling of the photon is approximately 0.3), and

even gB as small as 0.01 would not be very sur-

prising.

We also present the coupling–mass mapping

for colorons in Figure 2. For clarity, we only

show the envelope of the strongest tan θ upper

limits from all available analyses at each coloron

mass. This mapping is performed again using

leading order production. The NLO corrections

to coloron production have been computed re-

cently [48], and can vary between roughly −30%

and +20%. We do not take the NLO corrections

into account as we do not have an event gen-

erator that includes them; furthermore, there is

some model dependence in the NLO corrections
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axial-vector Z0
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mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
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the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
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Coupling Limits
• Universal quark coupling to leptophobic Z’B: gq = gB/6        

• Limits on the coupling gq from various searches:
– Probed masses down to 50 GeV
– Provided stringent limits in 50-200 GeV
– Di-jet + ISR photon/jet provided strong constraint above 200 GeV

CMS-PAS-EXO-17-001

B. Dobrescu, F. Yu
arXiv:1306.2629

Javier Duarte 
Fermilab 3

N E W  L O O K  AT  T H E  P H A S E  S PA C EarXiv:1306.2629
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FIG. 1. Leading experimental limits in the coupling gB versus mass MZ′
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plane for Z ′

B resonances. Values of gB

above each line are excluded at the 95% C.L.

note that an update of the “scouted data” anal-

ysis [23] with more luminosity by CMS (and AT-

LAS) would also push sensitivity to lower cou-

plings in the several hundred GeV mass range.

The plot is not extended above gB = 2.5,

because the U(1)B coupling constant is already

large, αB = g2B/(4π) ≈ 0.5, so that it is diffi-

cult to avoid a Landau pole. For that large cou-

pling, the current mass reach is around 2.8 TeV.

The 14 TeV LHC will extend significantly the

mass reach, and can probe smaller couplings once

enough data is analyzed. Note that couplings of

gB ≈ 0.1 can be viewed as typical (the analogous

coupling of the photon is approximately 0.3), and

even gB as small as 0.01 would not be very sur-

prising.

We also present the coupling–mass mapping

for colorons in Figure 2. For clarity, we only

show the envelope of the strongest tan θ upper

limits from all available analyses at each coloron

mass. This mapping is performed again using

leading order production. The NLO corrections

to coloron production have been computed re-

cently [48], and can vary between roughly −30%

and +20%. We do not take the NLO corrections

into account as we do not have an event gen-

erator that includes them; furthermore, there is

some model dependence in the NLO corrections
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB
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• Results from di-jet bump search,  
di-jet angular search, di-jet boosted search  
can be interpreted for Dark Matter search

• DM mediator can decay to di-jets or dark  
matter pairs

• Set limits on the DM mediator in the plane  
(Mediator mass, DM mass or quark coupling)
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Dark Matter Interpretation
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Z’→l +l -
• Search for narrow resonances in mll distributions above SM 

background

• Main background: Drell-Yan

• The amount of jet background is estimated from data

• Exclusion limits are  set on the ratio σ(Z’)/σ(Z) using an unbinned 
maximum likelihood fit to the data
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• The statistical analysis from the electron channel and muon 
channel are combined in order to place stronger limits on the 
lower bounds of the Z’ mass

• Limits on sequential Z’ : 4 − 4.5 TeV
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Z’→𝜏𝜏 CMS JHEP 02 (2017) 048

• Lower mass limit for a SSM Z’: 2.1 TeV
• As the Z’ production is dominated by light 

quark annihilation, the overall exclusion 
limit is weaker: 1.7 TeV) [GeV]TE,  hτ,  hτm(
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• Search for a Z’ also performed in decay to 𝜏𝜏 
• Especially motivated by models preferring Z’ couplings to the third generation

• Consider both hadronic and leptonic 𝜏 decays
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• Look for heavy W-like Jacobian peak in transverse mass

• Dominant background:  W production in  
standard model

• Take into account interference with SM
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• No significant excess → set exclusion limits
• Limits sets on SSM benchmark model with 8% BR into each lepton, 

no decays into W, H, Z bosons
• Combining both channels:

– limits on sequential W’ reach 4 - 5 TeV
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• Motivated by models preferring  W’ couplings to 
the third generation

• Limits sets on SSM benchmark model
– limits on sequential W’ reach 3.3 TeV
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W’→𝜏ν CMS-PAS-EXO-16-006
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• Searching for heavy resonances decaying into eμ using 2.7 fb-1 (2016)
• Lepton Flavour Violation may occur in models including 𝜏 sneutrino 

production in R-parity violating (RPV) supersymmetry (SUSY)RPV. 
SUSY also naturally generates non-zero neutrino masses.

• m(X) > 1.0, 2.7, 3.3 TeV for RPV couplings λ132=λ231=λ′311=0.01, 0.1, 0.2
• In narrow width approximation the σ×BR scales with the RPV 

coupling.
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• Search for resonant production of photon 
pairs using12.9 fb-1 (2016) + 3.3 fb-1 (2015) + 
19.7 fb-1 (Run I).

• A very clean state without additional activity 
in the direction of the two photons.

• Three values of the relative width ΓX/mX are 
used as benchmarks: 1.4×10−4, 1.4×10−2, and 
5.6×10−2; with 0.5<mX<4.5 TeV.

• Photons are required to have pT > 75 GeV
• Events are categorized depending on the 

location of the two photons.
• A fit is performed to the invariant mass 

spectra to determine the compatibility of the 
data with the background-only and the 
signal+background hypotheses.

20

Di-photon Searches

Ev
en

ts
 / 

20
 G

eV

1

10

210

Data
Fit model

 1 s.d.±
 2 s.d.±

EBEE

 (GeV)γγm
500 1000 1500 2000

st
at

σ
(D

at
a-

fit
)/

-2

0

2

CMS

 (13 TeV)-112.9 fb

Ev
en

ts
 / 

20
 G

eV

1

10

210

310 Data
Fit model

 1 s.d.±
 2 s.d.±

EBEB

 (GeV)γγm
500 1000 1500 2000

st
at

σ
(D

at
a-

fit
)/

-2

0

2

CMS

 (13 TeV)-112.9 fb

CMS-PAS-EXO-16-027

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-027/


Norbert Neumeister - Purdue University DPF 2017

• Compatibility of the observation with the background-only 
hypothesis is evaluated by computing the background-only p-value

• Lower limits on the mass of the RS graviton are set as:
– m(RSG)>3.85 (4.45) TeV for k=̃0.1 (0.2)

– m(RSG)>1.95 except for 1.75 < m(RSG) < 1.85 for k=̃0.01
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-027/


Norbert Neumeister - Purdue University DPF 2017

• Extensive search program for heavy resonances decaying to leptons, 
photons, and jets at CMS
– So far no significant hint for the existence of new physics, despite some 

excitement last year

– Data at √s = 13 TeV offers sensitivity to new resonances in the multi-TeV 
range

– Further progress will be slower as more and more data comes in, but the 
centre-of-mass energy stays the same

• Searches for heavy resonances will continue to explore uncharted 
territories
– More 13 TeV results still to come

– Stay tuned!
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